Background/Aims: Oxidized low-density lipoprotein (ox-LDL) is a powerful atherogen. Tolllike receptor 4 (TLR4) has a pathophysiological role in regulating inflammatory responses and atherosclerosis. Mast cells can infiltrate into the atheromatous plaque and secrete various pro-inflammatory cytokines, which significantly amplify the atherogenic processes and promote plaque vulnerability. Small interfering RNA (siRNA) is an effective method to silence the target genes. We evaluated whether ox-LDL-induced inflammation depended in part on the activation of TLR4-dependent signaling pathways in a cultured human mast cell line (HMC-1). Method: HMC-1 cells were cultured, and treated with ox-LDL, TLR4-specific siRNA, or inhibitors of phosphorylation of mitogen-activated protein kinase (MAPKs), and nuclear factor-κB (NF-κB), a critical mediator of inflammation. The expression of monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor-α (TNF-α) and interleukin 6 (IL-6) was measured subsequently. Results: Ox-LDL increased the expression of TLR4 and secretion of MCP-1, TNF-α and IL-6. Moreover, ox-LDL stimulated the translocation of NF-κB, from the cytoplasm to nucleus. Additionally, phosphorylation of MAPK was greatly increased. These ox-LDL-induced alterations were significantly attenuated by pretreatment with TLR4-specific siRNA. Conclusion: Ox-LDL induced inflammatory responses in cultured HMC-1 cells including NF-κB nuclear translocation and phosphorylation of MAPKs, a process mediated in part by TLR4.
Introduction
Atherosclerosis is characterized by the accumulation of modified lipids and infiltration and activation of inflammatory cells, as well as fibrous elements, in the inner or middle layers of arteries. Since plaques are vulnerable to rupture, this may cause serious cardiovascular atherothrombotic disease [1] [2] [3] . Growing evidence reveals that a chronic inflammatory response contributes to atherogenesis and plaque disruption, and the innate immune response plays a critical role in the initiation of this process [3] [4] [5] [6] . Monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor-α (TNF-α) and interleukin 6 (IL-6) are pro-inflammatory cytokines that play an important role in the induction of the inflammatory cascade within atherosclerotic plaques, by recruiting monocytes or macrophages into the tunica and media intima of arteries walls, increasing the expression of other cytokines and adhesion molecules, and increasing the release of fibrinogen and inducing aggregation of platelets [7] [8] [9] .
Oxidative stress is an important manifestation of the inflammatory responses during the atherogenesis. During the initiation of atherogenesis, low-density lipoprotein (LDL) is first entrapped in the intima. Subsequently, it is oxidized and is now referred to as oxidized low-density lipoprotein (ox-LDL), a potential linker between the immune response and atherogenesis [10, 11] . Increasing evidence indicates that ox-LDL is a powerful pro-inflammatory and pro-atherogenic factor in all stages of atherosclerosis by inducing the expression of cytokines and chemokineses in macrophages, vascular smooth muscle cells (VSMCs) and endothelial cells [12] . Numerous clinical studies have indicated that serum levels of ox-LDL are an important predictor of the severity of acute coronary syndrome [13, 14] .
Toll-like receptor 4 (TLR4), a critical key factor in regulating innate immune response, induces remarkable expression of pro-inflammatory and pro-atherogenic cytokines in macrophages, VSMCs and endothelial cells when activated by binding to its ligand [15] [16] [17] . While TLR4 was originally described as a pattern receptor that recognizes lipopolysaccharide (LPS), recently, endogenous ligands have been found that are powerful TLR4 activators; examples are ox-LDL, fibronectin and heat shock protein 60 [18] . Increased expression ofand p-JNK were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Fetal bovine serum (FBS), penicillin and streptomycin were purchased from Gibco BRL (Carlsbad, CA, USA). Anti-human tumor necrosis factor-α (TNF-α), interleukin 6 (IL-6) and monocyte chemoattractant protein 1 (MCP-1) ELISA kits were obtained from R&D Systems (Minneapolis, MN, USA). PDTC, SB203580, SP600125 and PD98059 were from Sigma Chemical Co. (Sigma, St. Louis, MO, USA).
Cell culture
A Human mast cell line (HMC-1) originally derived from a patient with mast cell leukemia and which is the only established cell line exhibiting a phenotype similar to that of human mast cells was used in our study [27] . HMC-1 cells were grown in Iscove's modified Dulbecco's medium supplemented with 10% fetal bovine serum, 1.2 mmol/L monothioglycerol, 2 mmol/L L-glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin either in 25 cm 2 tissue culture plates or in six-well tissue culture plates (Costar). Cells were grown at an incubator in 5% CO 2 and 95% O 2 at 37°C.
Isolation and oxidation of LDL
Human LDL (d=1.030-1.063 g/L) was isolated by density ultracentrifugation, at 5000 rpm/min for 22 h, from EDTA-treated (1 mg/mL) plasma collected from normal lipidemic donors. The LDL supernatant was dialyzed against isotonic saline to remove EDTA. Oxidation of LDL was carried out by incubating LDL with 5 μmol/L CuSO 4 at 37 °C for 24 h. The oxidation reaction was stopped by extensive dialysis against 0.01% EDTA phosphate-buffered saline and the dialysate was sterilized by filtration through a 0.22-mm filter. The extent of oxidation of the LDL preparations was determined by measuring thiobarbituric acid reactive substance (TBARS) (PeroX-Oquant, Pierce, Rockford, IL). Another control LDL sample was processed in parallel, and however, without CuSO 4 addition. The results showed that oxidized low-density lipoprotein (oxLDL) contained 15.47 TBARS/mg protein and LDL contained 1.62 TBARS/mg protein. Endotoxin contamination of all preparations was determined by the kinetic-turbidimetric Limulus amebocyte lysate assay (Sigma), which was performed by an independent laboratory. The results showed that the concentration of endotoxin was below the detection limit (0.125 endotoxin units/mL, corresponding to ≈0.01 ng/mL LPS).
Enzyme-linked immunoassay for cytokines and chemokines
HMC-1 cells were seeded into 6-well plates at 4×10 6 /well and incubated with LDL (50 μg/mL) or ox-LDL (10, 50, 100 μg/mL) for 3, 6, 12, 24 h. Mast cells were transfected with siRNA as described below. After 24 h, they were stimulated with ox-LDL (10, 50, 100 μg/mL) for 3, 6, 12, 24 h. Cells were pretreated with the MAPK inhibitors PD098059 (30 μmol/L), SB203580 (20 μmol/L), SP600125 (25 μmol/L) or PDTC (50 μmol/L) for 1 h, and then stimulated with LDL or ox-LDL for another 24 h. TNF-α, IL-6 and MCP-1 levels in the supernatant were measured by ELISA according to the manufacturer's instruction.
Small-Interfering RNA HMC-1 cells (5×10 6 ) were cultured in 6-well plates and grown to about 60% to 70% confluence, then transiently transfected with 100 pM of TLR4 small interfering (siRNA) duplex oligonucleotides (on-TARGET plus SMART pool, Thermo Fisher Scientific, Rockford, IL) or non-target duplex oligonucleotides (on-TARGET plus siCONTROL, Thermo Fisher Scientific), as a negative control siRNA using TransLipid TM transfection agent (Transgen Biotech, Beijing, China) according to the manufacturer's instruction. After 24 h, mRNA and protein levels of TLR4 were analyzed. Transfection rates of 50% to 60% were used for the other experiments.
Immunohistochemistry of HMC-1 cells
To examine the expression of TLR4 in ox-LDL-stimulated HMC-1, the cells were seeded into 6-well plates at 4×10 6 /well and incubated with LDL (50 μg/mL) or ox-LDL (100 μg/mL) for 24 h. Subsequently, the cells were fixed with 4% formaldehyde-PBS for 15 min followed by a disruption of the cell membranes using 0.3% Triton-100-PBS, and nonspecific binding site were blocked by incubation with 10% goat serum for 20 min. The cells were incubated with TLR4 antibody (1: 100) for 24 h at 4°C, and then incubated with a secondary antibody conjugated with Cy3. The immunolabeled cells were visualized using a fluorescence confocal microscopy (Leica TCS SP2-AOB).
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Quantitative real-time PCR Total RNA was extracted using TransZol reagent (TransGen Biotech, Beijing). DNA was removed using DNA-free kit (Ambion, Austin TX, USA). The quality of total mRNA was checked by denaturing agarose gel electrophoresis containing 1.5% formaldehyde. Total RNA concentration and purity were determined by using UV-Vis spectroscopy with the Bio-Rad SmartSpec 3000 system (Bio-Rad Hercules, CA, USA). cDNA was synthesized from 1 μg total RNA in a 20 μL reaction using oligo(dT)18 Primers and TransScript TM Reverse Transcriptase (TransGen Biotech, Beijing). Primers for human TLR4, Myd88, TNF-α, MCP-1, IL-6 and β-actin were designed using a Beacon designer v4.0 (Premier Biosoft, USA) (see Table 1 for the sequences). GAPDH was used as endogenous control. mRNA levels of TLR4, Myd88, TNF-α, MCP-1, IL-6, and GAPDH were measured by real-time PCR with the ABI PRISM 7000 sequence detection PCR system (Applied Biosystems, Foster City, CA, USA). A melting point dissociation curve was used to confirm that only a single PCR product was obtained. Results were expressed as fold difference relative to the level of GAPDH by the 2 -ΔΔCT method. Serial 10-fold dilutions of cDNA were used to confirm near-theoretical efficiencies of the assay.
Western blot assay
Mast cell lysates of approximately 5×10 6 cells were prepared using 200 μL ice-cold lysis buffer (pH 7.4) (50 mmol/L HEPES, 5 mmol/L EDTA, 100 mmol/L NaCl, 1% Triton X-100, protease inhibitor cocktail; Roche, Mannheim, Germany) in the presence of phosphatase inhibitors (50 mmol/L sodium fluoride, 1 mmol/L sodium orthovanadate, 10 mmol/L sodium pyrophosphate, 1 nmol/L microcystin). The nuclear NF-κB (p65) protein was extracted using the Pierce NE-PER kit (Pierce, Rockford, IL, USA). A BCA protein assay kit was used to measure protein concentration. Samples underwent 10% SDS-PAGE and were transferred onto a polyvinylidene difluoride membrane in a semi-dry system (Bio-Rad), which was blocked with 5% fat-free milk in TBST buffer (20 mmol/L Tris-HCl, 137 mmol/L NaCl and 0.1% Tween 20), and incubated with primary antibodies against TLR4 (1:200), Myd88 (1:500), IκBα (1:400), NF-κB (p65) (1:200), p38 and p-p38MARK (both 1:500), ERK1/2, p-ERK1/2 (both 1:500), JNK, and p-JNK (both 1:200), respectively, in TBST buffer overnight, then washed and incubated with secondary antibodies for 90 min. Optical density of the bands was scanned and quantified using a Gel-Pro Analyzer v4.0 (Media Cybernetics, L.P.). β-actin was used as endogenous control. Data were normalized to β-actin levels.
Statistical analysis
Results are expressed as means ± S.E.M. of three experiments. Differences between groups were assessed by Student t test and one-or two-way ANOVA, and then by post hoc Duncan multiple comparisons, with use of SPSS 17.0 (SPSS Inc., Chicago, IL, USA). A value of P<0.05 was considered statistically significant.
Results

Ox-LDL induced chemokine and cytokine expression in cultured HMC-1 cells
Mast cells express a number of inflammatory chemokines and cytokines after receiving various stimuli. We found increased expression of MCP-1, TNF-α and IL-6, after incubation with ox-LDL, all inflammatory mediators involved in the progression of atherosclerosis. The
Ox-LDL increased the expression of TLR4 in cultured HMC-1 cells
To investigate whether TLR4 is regulated by ox-LDL in cultured HMC-1 cells, cells were stimulated with different concentrations of ox-LDL for 6 or 24 h. Real-time PCR and westernblot revealed that protein and mRNA levels of TLR4 were dose-dependently increased in HMC-1 cells (Fig. 2a and 2b) . However, native LDL had no effect on the mRNA or protein levels of TLR4. The immunohistochemistry results also showed that ox-LDL increased TLR4 expression in VSMCs (Fig. 2c) .
Effect of ox-LDL on the activation of Myd88, degradation of IκBα, and NF-κB in cultured
HMC-1 cells HMC-1 cells were incubated with ox-LDL at different concentrations for 6 or 24 h, followed by detection of NF-κB (p65) in cytosolic and nuclear fractions. The concentration of IκBα, a NF-κB inhibitor, was also measured. Ox-LDL markedly increased protein and mRNA levels of Myd88 (Fig. 3a) . Furthermore, ox-LDL increased the degradation of IκBα and induced nuclear translocation of NF-κB (p65) evidenced by increased nuclear NF-κB and decreased cytosolic NF-κB contents, compared to the control group (Fig. 3b and 3c) . However, 
native LDL had no effect on the expression of Myd88, degradation of IκBα, and translocation of NF-κB (p65).
Effect of ox-LDL on phosphorylation of ERK1/2, p38MAPK and JNK1/2 in cultured HMC-1 cells
Downstream in the Myd88-dependent TLR4 signaling pathway, the MAPKs ERK1/2, p38MAPK and JNK1/2 play important roles in the inflammatory response, accordingly, the effects of ox-LDL or native LDL on phosphorylation of MAPKs was investigated. HMC-1 cells were treated with ox-LDL or LDL at the concentration of 10, 50, and 100 μg/mL for 30 min. Phosphorylation of MAPKs was measured by western-blot. Ox-LDL dose-dependently increased the phosphorylation of ERK1/2, p38MARK and JNK1/2 in HCM-1 cells. However, native LDL had no effect on the phosphorylation of MAPKs (Fig. 4a, b, and c) .
Involvement of TLR4 in ox-LDL induced inflammation in cultured HMC-1 cells
To observe whether TLR4 is involved in the upregulation of cytokines in cultured HMC-1 cells after ox-LDL stimulation, we pretreated cells with TLR4 siRNA or negative control siRNA, followed by an incubation with ox-LDL (100 μg/mL) for 6 h or 24 h. The protein and mRNA levels of TLR4 were downregulated by TLR4-specific siRNA with or without ox-LDL (Fig 5a) . TLR4-specific siRNA significantly inhibited ox-LDL-induced upregulation of mRNA and protein levels of inflammatory mediators in cultured HMC-1 cells (Fig. 5b and c) . Thus, TLR4 might play an important role in regulating MCP-1, TNF-α and IL-6 production in ox-LDL-stimulated HMCs.
Effect of inhibitors on the production of inflammatory mediators
To explore the functions of NF-κB and MAPKs pathways in ox-LDL-stimulated HMC-1 cells, we examined the effect of NF-κB and MAPKs inhibition on the production of inflammatory mediators. As seen previously, MCP-1, TNF-β and IL-6 levels were increased in ox-LDLstimulated HMC-1 cells as compared to controls (Fig. 6a and b) . HMC-1 cells were pretreated The expression of nuclear NF-κB (p65) and cytosolic NF-κB (p65) was measured by westernblot assay, after HMC-1 cells were incubated with ox-LDL (10, 50 and 100 μg/mL) or native LDL (50 μg/ mL) for 24 h. (c) The degradation of IκBα were analyzed by western-blot, in HMC-1 cells incubated with ox-LDL (10, 50 and 100 μg/mL) or native LDL (50 μg/mL) for 24 h. Histone was used to be the internal control to reflect the expression of nuclear NF-κB (p65), β-actin was used to as internal control in other results. Gray levels were normalized against histone or β-actin, respectively, and results were expressed as relative to control. Data are mean ± S.E.M. of three independent experiments. *P<0.05 vs control.
Recently, mast cells and inflammation have been implicated in the development of instable plaques that can rupture and cause thromboses. Growing evidence reveals that mast cells can infiltrate the rupture-prone shoulder region of coronary atheromas and even accumulate during coronary spasms [29] . As compared with normal regions, carotid artery atheromas show marked accumulation of mast cells, and an increased numbers of degranulated mast cells can cause increased matrix metalloproteinase activity in the shoulder of atherosclerotic plaques [30, 31] . Furthermore, the ldlr −/− Kit W-sh/W-sh mice that have dysfunctional mast cells that secrete less proinflammatory cytokines compared with wildtype mice, showed decreased atherosclerosis [32] . Consequently, we focused on the relationship between ox-LDL and inflammation in mast cells. Ox-LDL time-and dose-dependently increased the expression of MCP-1, TNF-α and IL-6 in cultured mast cells, but native LDL had no effects.
Toll-like receptors, especially TLR4, plays an important role in various chronic inflammatory diseases, such as atherosclerosis, diabetes mellitus and hypertension by regulating innate immunity and triggering inflammatory responses [33] . Recently, a growing number of labs have reported increased expression of TLR4 in atherosclerotic plaques both in human and in animal models [19, 20] . Moreover, atherosclerotic plaques were smaller in TLR4-knockout ApoE -/-compared to TLR4 suffici ent ApoE -/-mice [34] . Therefore, TLR4 might contribute to the progression of atherosclerosis. Furthermore, ox-LDL increased mRNA and protein levels of TLR4 in U937 promonocytic leukemia cells and macrophages [35, 36] . We Fig. 4 . Effect of ox-LDL on phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2), p38 mitogen-activated protein kinase (p38MAPK) and c-Jun N-terninal kinase (JNK). Western-blot analysis of total and phosphorylated protein levels of ERK1/2 (a), p38MARK (b) and JNK (c) in HMC-1 cells incubated with ox-LDL (10, 50 and 100 μg/mL) or native LDL (50 μg/mL) for 30 min. Total MAPKs was used to be the internal control. Gray levels were normalized against those of the corresponding total MAPKs and results were expressed as relative to control. Data are mean ± S.E.M. of three independent experiments.*P<0.05 vs control.
found that ox-LDL increased the expression of TLR4 in cultured mast cells, accompanied by the induction of inflammatory cytokine. Using the TLR4-specific siRNA to silence the TLR4 gene, decreased the secretion of MCP-1, TNF-α and IL-6, indicating that TLR4 might be a key regulator of ox-LDL-induced inflammatory responses in cultured mast cells. However, ox-LDL reportedly inhibits TLR4-signaling and suppressed the activity of NF-κB in LPS-stimulated macrophages, which is in contrast to our results [37, 38] . It is possible that the different cell type and possible differences in the level of LDL-oxidation contributed to these differing results.
Recently several studies focused on entotoxin contamination as a cause of false positive results, in reports about the cytokine function of some "pro-inflammatory proteins", especially C-reactive protein (CRP), heat-shock proteins (HSPs), and high mobility group box 1 (HMGB-1), which are also the ligands of TLR4 [39, 40] . Indeed, endotoxin contamination is very common during sample preparation, including ox-LDL preparation, and however, LPS levels of the previous studies were much higher than the one in our experiments, which was below 0.01 ng/mL. Incubating the HMC-1 cells with 0.01 ng/mL LPS for 24 h, did not result in a change in pro-inflammatory cytokine secretion, nor in TLR4 expression, indicating that this LPS dose is too low to cause a change in cytokine function and it was indeed ox-LDL, not endotoxin contamination, that induced TLR4-mediated inflammatory responses in HMC-1 cells. MAPKs, including ERK1/2, JNK1/2 and p38MAPK, are an important group of downstream of mediators in Myd88-dependent TLR4-signaling, and play a critical role in regulating the inflammatory responses, proliferation and apoptosis in various cell types. Ox-LDL can enhance the phosphorylation of p38MAPK and induce nuclear translocation of NF-κB (p65) in cultured VSMCs [41] . Ox-LDL time-and dose-dependently induced ERK1/2 phosphorylation in human mesangial cells [42] . Additionally, phosphorylation of JNK was markedly increased in ox-LDL-induced VSMCs [43] . Thus, ox-LDL was shown to induce phosphorylation of MAPKs in various cell types. We found that ox-LDL could markedly enhanced phosphorylation of p38MAPK, ERK and JNK. Pretreatment of HMC-1 cells with their respective inhibitors significantly attenuated ox-LDL-induced expression of the inflammatory cytokines in these cells. Therefore, the MAPKs pathway, as a key downstream pathway in Myd88-dependent TLR4-mediated signaling, was partly responsible for the ox-LDL-induced inflammatory response in cultured mast cells.
Although we investigated only HMC-1 cells, the results might suggest some molecular mechanisms of the pro-inflammatory effects of ox-LDL with a wider range and highlights the relationship between ox-LDL induced inflammation and activity of TLR4.
In conclusion, we show a novel pathobiological link between ox-LDL stimulation and mast cells in atherosclerosis. Indeed, ox-LDL accumulates in the atherosclerotic regions of arterial intima and medium, where mast cells infiltrate. Ox-LDL may trigger the expression of pro-inflammatory chemotaxis and cytokines by mast cells, which in turn accelerates the atherosclerotic process by increasing the survival, activation and accumulation of other inflammatory cells within atherosclerotic plaques. Here, we found that ox-LDL markedly increased the secretion of MCP-1, TNF-α and IL-6 inflammatory factors and expression of TLR4 in cultured HMC-1 cells. Moreover, the levels of nuclear NF-κB (p65) and phosphorylated of ERK1/2, p38MAPK and JNK1/2 were significantly upregulated in ox-LDL-stimulated HMC-1 cells. SiRNA inhibition of TLR4 reduced the ox-LDL-induced the expression of inflammatory 
